IMPORTANCE While oral vitamin A supplementation is considered to potentially slow loss of retinal function in adults with retinitis pigmentosa and normal liver function, little data from children with this disease are available.
I n 1993, we reported the results of a randomized clinical trial for 601 adults (aged 18-49 years) with the common forms of retinitis pigmentosa treated with vitamin A and/or vitamin E for 4 to 6 years. 1 Oral vitamin A palmitate, 15 000 IU/d, on average, slowed the course of retinal degeneration, while oral vitamin E (dl-α tocopherol acetate), 400 IU/d, on average, appeared to hasten the course of retinal degeneration as monitored by the full-field cone electroretinogram (ERG) to 30-Hz flashes. With the full-field ERG to 0.5-Hz flashes, a significant benefit was found for vitamin A, but no significant detriment was found for vitamin E. 1 Although 1 member of an independent Data and Safety
Monitoring Committee questioned the 2 × 2 factorial design used in the study 2 and 2 members questioned whether the sixth year of follow-up based on a subset should have been included in the analyses, 2,3 the Data and Safety Monitoring
Committee as a body concluded that most adults with retinitis pigmentosa and normal liver function should take vitamin A palmitate and avoid a high dose of vitamin E. Women who were pregnant or planning to become pregnant were advised not to take this dose of vitamin A because of an increased risk of having children with birth defects. No significant toxic adverse effect was noted during that clinical trial, and none was reported by the study patients taking this dose of vitamin A for up to 12 years. 4 The National Eye
Institute sent an information alert to thousands of ophthalmologists across North America endorsing this recommendation, followed by a confirmatory press release in 2008.
5
In addition, a diet rich in vitamin A palmitate was found to reduce the rate of ERG loss and result in longer, more numerous photoreceptors in 1 of 2 murine models of dominantly inherited retinitis pigmentosa. 6 Because patients younger than 18 years with retinitis pigmentosa had not been included in the clinical trial, no formal recommendation was possible for them. However, after publication of the clinical trial, families asked us if their affected children could take vitamin A. We consulted with pediatricians, who suggested an oral dose of 5000 IU/d for ages 6 to 10 years, 10 000 IU/d for ages 10 to 15 years, and 15 000 IU/d for ages 15 years and older, provided that the children had normal serum liver function test results. Parents were advised that their children taking vitamin A should eat a regular diet, avoid a high-dose vitamin E supplement, monitor their serum liver function annually, and return to our clinic for follow-up assessment and possible dose adjustment every 2 years.
Of the families offered treatment for their affected children, a minority did not pursue treatment on advice of their pediatrician. Nevertheless, they also were encouraged to have their children return for reassessment every 2 years. This resulted in 1 group of children who took vitamin A consistently during some interval (vitamin A cohort) and another group not receiving vitamin A, including children who were ascertained before publication of the clinical trial or who opted not to take vitamin A after publication (control cohort). This study addresses whether the mean disease course monitored by the ERG in the vitamin A cohort differed from that in the control cohort.
Methods

Outcome Measures
The study protocol adhered to the tenets of the Declaration of Helsinki and was approved by the institutional review boards of the Massachusetts Eye and Ear Infirmary and Harvard Medical School. Patients and families seen in the Electroretinography Service were routinely advised that their deidentified clinical records might be used for future research and gave oral consent. The dates for patient evaluations ranged from June 1976 to July 2016, and the data analysis occurred in October 2016. We used the annual rate of change in cone ERG amplitude to 30-Hz full-field white flashes (0.2 cd s/m 2 ) to assess vitamin A treatment efficacy. This measure had afforded us the most power to show a vitamin A benefit in the adult clinical trial, and cone ERG amplitude was significantly correlated with vision-related quality of life in those patients. 1 Responses to 30-Hz flashes have been routinely recorded by us with bandpass filtering and signal averaging if amplitudes are less than 10 μV, allowing quantification of amplitudes of at least .05 μV.
7-9
A review of our database identified 80 children from 72 families with typical forms of retinitis pigmentosa based on clinical examination who had a cone ERG amplitude to 30-Hz flashes of at least 0.68 μV in at least 1 eye at their baseline visit and cone ERGs recorded on at least 1 succeeding visit spanning at least 3 years, our eligibility criteria for inclusion in a longitudinal study to compare mean rates of cone ERG amplitude decline. 7-9 We had also routinely recorded responses to 0.5-Hz flashes of the same white light with signal averaging if amplitudes were less than 10 μV, but this allowed quantification only of amplitudes of at least 1 μV, a lower sensitivity than that for the cone ERG to 30-Hz flashes. Because review of our database revealed that only 31 of 80 children (38.8%) could be followed up over time by the ERG to 0.5-Hz flashes, we did not use this response as an outcome measure owing to reduced statistical power and a concern about sampling error. We also considered comparing decline of visual field area contiguous to the center by cohort because we had reported a vitamin A treatment benefit by that measure based on kinetic perimetry in the adult clinical trial 10 ; however, that analysis
Key Points
Question What were the outcomes in children with common forms of retinitis pigmentosa following supplementation with vitamin A palmitate?
Findings In this case-control study of children with retinitis pigmentosa, including 55 taking an age-adjusted dose of vitamin A (5000-15 000 IU/d) and 25 not taking vitamin A, vitamin A supplementation was associated with almost 50% slowing of the mean exponential rate of decline of full-field cone electroretinogram amplitude.
Meaning These findings, while not definitive in the absence of randomized controls, support the hypothesis that vitamin A palmitate can slow loss of cone function in children with common forms of retinitis pigmentosa.
had been limited to patients with the most reproducible visual field areas on repeated pretreatment testing within 6 weeks, 10 a criterion that was not available to us in this study.
Furthermore, preliminary analyses on affected children with retinitis pigmentosa failed to reveal, on average, a significant decline in total visual field area or in visual field area contiguous to the center during follow-up, invalidating its use by us as a measure of disease progression. Decline in visual acuity was ruled out as an outcome measure a priori because it had not shown a vitamin A benefit in adults. 1 Nevertheless, we analyzed visual field area and visual acuity longitudinal data from these cohorts for ocular evidence of supplement safety.
Patients
The vitamin A cohort included 43 children who began supplementation after their baseline ERGs but preceding their first follow-up ERGs and 12 children who began supplementation preceding their baseline ERGs, totaling 55 children. We found that 5000 IU/d was taken by children aged 7 to 15 years, 7500 IU/d was taken by a child aged 14 years, 10 000 IU/d was taken by children aged 6 to 15 years, and 15 000 IU/d was taken by children aged 12 to 15 years. Despite cases where the age-adjusted recommendation was exceeded, no families with children taking vitamin A reported an adverse response to the supplement. The control cohort included 25 children who did not report vitamin A supplementation.
Statistical Analyses
Cone ERG amplitudes were converted to natural logarithms to better normalize their distributions and to fit linear models to time because cone ERG amplitude was found to decline exponentially in patients with retinitis pigmentosa 7,11 and a logarithmic transform has been used to quantify full-field cone ERG decline in retinitis pigmentosa by our laboratory 1,7-9,11-14 and another. 15, 16 The MIXED procedure of SAS, version 9.4 (SAS Institute Inc) was then used to perform repeated-measures longitudinal regression with the eye as the unit of analysis and an unstructured@compound symmetry correlation structure, which allows for correlation over time in the same eye, correlation between eyes at 1 time, and correlation between 1 eye at 1 time and the fellow eye at a different time. This procedure permitted us to use eligible data from all available eyes and times. Model 1 fitted the following equation to the data:
where b 0 was the y-intercept for cohort = 0 (ie, control cohort), b 1 was the change in intercept for cohort = 1 (ie, vitamin A cohort), b 2 was the coefficient for the effect of time on amplitude (ie, the slope) for cohort = 0, and b 3 was the coefficient for the change in the effect of time on amplitude for cohort = 1. Thus, for the vitamin A cohort the intercept equaled b 0 + b 1 and the effect of time on amplitude equaled b 2 + b 3 . Model 2 additionally adjusted for eye and its crossproduct with time, the cross-product of log e baseline amplitude with time, baseline cone ERG implicit time and its crossproduct with time, and genetic type (dominant, recessive, X-linked, or unknown) and its cross-product with time to try to reduce the unexplained variance and to control for possible confounders. Model 2 included eye because the right eye was always tested before the left eye; it included the crossproduct of log e baseline amplitude with time because a preliminary analysis revealed that log e baseline amplitude was a strong predictor of rate of progression in the children; it included the cross-product of baseline cone ERG implicit time with time because baseline cone ERG implicit time has been reported to be a biomarker for the rate of cone ERG amplitude decline in patients with RHO mutations 17 ; it included the crossproduct of genetic type with time because the rate of cone ERG amplitude decline in patients with retinitis pigmentosa can vary by genetic type.
9 Because only 14 of 80 patients with eligible cone ERG data had a known genotype, we did not consider replacing genetic type with genotype. For ocular safety analyses, log e visual field area or log e visual acuity was regressed on time, vitamin A, and the crossproduct of time with vitamin A with Model 1 and by also including eye, genetic type, and their cross-products with time for adjusted results with Model 3. We also compared the incidences of falling to a visual field diameter of 20°or less or to a visual acuity of 20/200 or less in at least 1 eye at follow-up by cohort.
In all of these models, continuous predictor variables (ie, time, log e baseline cone ERG amplitude, and baseline cone ERG implicit time) were mean-centered. JMP Pro, version 13 (SAS Institute), was used for analyses not involving a repeated variable including t test for continuous variables and either the χ 2 test or Fisher Exact test (when expected cell frequencies were Results Table 1 lists the baseline demographic and cone ERG characteristics of the children with retinitis pigmentosa. The cohorts were comparable except for borderline differences in their distributions by genetic type and in their mean cone ERG implicit (peak) times. Length of follow-up and number of follow-up visits (mean [SE]) were 5.0 (0.2) years and 3.7 (0.2) visits for the vitamin A cohort and 4.5 (0.4) years and 3.4 (0.2) visits for the control cohort; these pairs of means were not different. From these means, the mean interval between follow-up visits was 1.35 years for the vitamin A cohort and 1.32 years for the control cohort. On the other hand, the 2 cohorts differed with respect to the timing of their first follow-up examination: 37 (67%) of those in the vitamin A cohort compared with only 10 (40%) in the control cohort, returned within the recommended 2 years. The estimated mean rates of change with Model 1 were −0.1419 log e -unit per year (−13.2% per year) for the control cohort (Table 2, b 2 ) and −0.0713 log e -unit per year (−6.9% per year) for the vitamin A cohort (b 2 + b 3 ); the difference (b 3 ) was 0.0706 log e -unit per year (95% CI, 0.0149-0.1263 log e -unit per year; P = .01). Plots from the Figure predicted log e amplitude (SE) by cohort and actual (not mean-centered) year. The fitted line for the vitamin A cohort has only a slightly lower y-intercept (amplitude at year 0) but a markedly shallower slope than the fitted line for the control cohort.
The effect of vitamin A supplementation on the rate of amplitude decline with Model 2 (eTable 1 in the Supplement; b 3 , 0.0771; b 3 , 95% CI, 0.0191-0.1350; P = .009) was comparable with that with Model 1. In addition, Model 2 showed effects of log e baseline amplitude and baseline cone ERG implicit time on time, primarily responsible for reducing the unexplained variance of Model 1 by 20%. A 1 log e -unit (2.7-fold) higher baseline amplitude was associated with a 0.0370 log e -unit per year (3.6% per year) faster mean amplitude decline (P < .001). A 1-ms longer baseline implicit time was associated with a 0.0112 log eunit per year (1.1% per year) faster mean amplitude decline (P < .001). In contrast, the rate of amplitude decline was not associated with eye or genetic type.
With respect to supplement ocular safety, mean visual field area increased by means of 0.0037 log e -unit per year (0.37% per year) in the control cohort and 0.0241 log e -unit per year (2.4% per year) in the vitamin A cohort with an unadjusted analysis (Table 3) ; the difference was not statistically significant.The adjusted analysis also found comparable mean rates (eTable 2 in the Supplement). Incidences of falling to a visual field diameter of 20°or less in at least 1 eye during follow-up Plot of predicted log e cone ERG amplitude (mean [SE]) over 9 years of follow-up by cohort based on Model 1 estimates using the MIXED procedure of SAS and the outpred option. Estimates derive from data of 25 children (control cohort) and 55 children (vitamin A cohort). Note that the abscissa plots actual (not mean-centered) time; therefore, the plotted intercepts differ from the intercepts listed in Table 2 . LN indicates natural logarithm. were 0% (0 of 24 patients) in the control cohort and 4% (2 of 50 patients) in the vitamin A cohort; the difference in percentages (4%) was not statistically significant (P = .45). Mean visual acuity increased by 0.0012 log e -unit per year (0.1% per year) in the control cohort and by 0.0151 log e -unit per year (1.5% per year) in the vitamin A cohort with an unadjusted analysis (Table 4) ; the difference in rates was not statistically significant. The adjusted analysis also found comparable mean rates (eTable 3 in the Supplement). Incidences of falling to a visual acuity of 20/200 or less in at least 1 eye during follow-up were 4.2% (1 of 24 patients) in the control cohort and 5.5% (3 of 55 patients) in the vitamin A cohort; the difference in percentages (1.3%) was not statistically significant (P = .65).
Discussion
The results show that the vitamin A cohort experienced a statistically significant slower exponential rate of cone ERG amplitude decline during follow-up than the control cohort. The unadjusted analysis permitted estimation of the mean rates of decline to have been 13.2% per year in the control cohort and 6.9% per year in the vitamin A cohort, and the analysis adjusting for covariates confirmed that the slowing with vitamin A was at least as large as that with the unadjusted model. Based on these estimates, falling to half baseline amplitude occurred, on average, in 4.9 years in the control cohort and in 9.7 years in the vitamin A cohort, a nearly 2-fold difference.
The size of this vitamin A benefit in children exceeded that from the adult clinical trial (ie, 10% per year for the trace cohort vs 8.3% per year for the vitamin A cohort based on the same amplitude eligibility criteria), 1 raising the possibility that a vitamin A supplement for patients with retinitis pigmentosa is more effective in childhood. We also did not find any safety concerns linked to vitamin A supplementation reported by families or with respect to mean rates of change of visual field or visual acuity or by the proportions of children whose visual field diameter fell to 20°or less or whose visual acuity fell to 20/200 or less in at least 1 eye during follow-up. Two ancillary findings are noteworthy. First, the exponential rate of cone ERG amplitude loss increased with increasing baseline amplitude, a mean 3.6% per year increase in the rate of amplitude decline for a 2.7-fold increase in baseline amplitude, cautioning that a larger response in children should not rule out a fast future disease course. Second, the rate of cone ERG amplitude loss increased with increasing baseline cone ERG implicit time, a mean 1.1% increase in the rate of amplitude decline for a 1-ms increase in baseline implicit time, independent of baseline amplitude. Because only 16 children (20%) had dominantly inherited disease, this finding broadens a similar observation reported for patients with retinitis pigmentosa and dominant RHO mutations. 17 If cone ERG implicit time is a biomarker for rate of disease progression in retinitis pigmentosa in general, then it could be used to help predict any given patient's prognosis in the absence of intervention and for patient selection to minimize the duration of clinical trials when cone ERG amplitude decline is an outcome measure. Unfortunately, to our knowledge, rates of full-field cone ERG amplitude decline specific to children with different genetic types of typical retinitis pigmentosa have not been reported previously to corroborate these additional findings.
Limitations
Because of its smaller sample size and retrospective, observational design, this study is more limited in its implications than the randomized masked clinical trial in adults 1 that prompted it. For example, without analyzing data from other centers, we cannot be certain that the mean course of disease in our control group was representative of that of untreated children with retinitis pigmentosa from the general population who return for reassessment. Moreover, although the 2 cohorts did not differ with respect to baseline disease stage, follow-up time, and number of visits, a higher percentage of the vitamin A cohort than the control cohort returned within 2 years for their first follow-up examination, suggesting additional motivation on the part of those families and, therefore, a possible placebo effect (assuming that a placebo effect would develop in children routinely taking a capsule each day). Furthermore, we cannot exclude residual confounding with our relatively smallsample, nonrandomized design. These potential biases could have influenced estimation of the vitamin A effect size and rule out any determination of causality.
Conclusions
Taking into account the positive ERG results, the evidence of supplement safety, and the possible biases from the relatively small-sample, retrospective, nonrandomized study design, we suggest that children with typical retinitis pigmentosa and normal liver function consider oral supplementation with an age- 
